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Foreword

This Technical Standard does not contain any new requirements. Its purpose is to provide guides
to good practice, update existing reference material, and discuss practical lessons learned relevant
to the safe handling of plutonium. The technical rationale is given to allow U.S. Department of
Energy (DOE) health physicists to adapt the recommendations to similar situations throughout the
DOE complex. The Standard provides information to assist plutonium facilities in complying
with Title 10 of the Code of Federal Regulations (CFR), Part 835, Occupational Radiation
Protection. The Standard also supplements the DOE Implementation Guides, DOE Orders, and
DOE standard, DOE-STD-1098-99, Radiological Control, Ch. 1. (RCS) and has as its sole
purpose the protection of workers and the public from the radiological hazards that are inherent in
plutonium storage and handling.

This Standard does not include every requirement applicable to every plutonium facility.
Individuals responsible for implementing Radiation Protection Programs at plutonium facilities
need to be knowledgeable of which requirements (contractual or regulatory) are applicable to
their facility.

Copies of electronic files of this Technical Standard may be obtained from the DOE Office of
Worker Protection Policy and Programs (EH-52) Home Page Internet site
(http://tis.eh.doe.gov/whs/rhmwp/regs.html). Copies of the Standard are also available from the
DOE Technical Standards Program Internet site (http://tis.eh.doe.gov/techstds/).
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INTRODUCTION

1.1

PURPOSE AND APPLICABILITY

This Technical Standard (TS) does not contain any new requirements. Its purpose is
to provide guides to good practice, update existing reference material, and discuss
practical lessons learned relevant to the safe handling of plutonium. The technical
rationale is given to allow U.S. Department of Energy (DOE) health physicists to
adapt the recommendations to similar situations throughout the DOE complex.
Generally, DOE contractor health physicists will be responsible to implement
radiation protection activities at DOE facilities and DOE health physicists will be
responsible for oversight of those activities. This guidance is meant to be useful for
both efforts. The TS provides information to assist plutonium facilities in complying
with Title 10 of the Code of Federal Regulations (CFR), Part 835, Occupational
Radiation Protection (DOE, 1998a); hereinafter referred to as 10 CFR 835. The TS
also supplements the DOE Implementation Guides (IGs), DOE Orders, and DOE's
standard Radiological Control , Ch. 1. (DOE, 2004) and has as its sole purpose the
protection of workers and the public from the radiological hazards that are inherent in
plutonium storage and handling. This Standard does not include every requirement
applicable to every plutonium facility. Individuals responsible for implementing
Radiation Protection Programs at plutonium facilities need to be knowledgeable of
which requirements (contractual or regulatory) are applicable to their facility.

This TS replaces PNL-6534, Health Physics Manual of Good Practices for Plutonium
Facilities (PNL, 1988) by providing more complete and current information and by
emphasizing the situations that are typical of DOE's current plutonium operations;
safe storage, decontamination, and decommissioning (environmental restoration); and
weapons disassembly.

The technical information presented here represents the best technical information
available from within the DOE complex. Except to the extent that the guidance
presented here duplicates mandatory regulations or contract requirements, it is not
binding or mandatory. Any DOE Orders, manuals or guides, referred to in this TS are
not binding unless they have been incorporated into the applicable contract to assist
in identifying applicable requirements “shall” statements are followed by a reference.
Should and my statements are provided for consideration. However, judicious use of
this TS, along with the regulatory documents discussed above, will help assure a
comprehensive and technically defensible radiological protection program.

Regulatory guidance and references are current as of May 2003.
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1.3
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DEFINITIONS

A glossary is provided (see Appendix A) to ensure uniform understanding of words
in this document. In all cases, the definitions given here are consistent with those
used in the Implementation Guides.

DISCUSSION

Chapters 2 through 10 provide technical information to assist in safely managing
plutonium operations. The topics covered are those considered by representatives of
many of DOE's plutonium facilities to be most beneficial: Manufacture, Properties
and Hazards, Radiation Protection, Contamination Control, Internal Dosimetry,
External Dose Control, Nuclear Criticality Safety, Waste Management, Emergency
Management, and Decontamination and Decommissioning. Appendixes B and C
summarize information from other documents that are useful for reference:
Plutonium in Department of Energy Facilities, and Facility Design.
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MANUFACTURE, PROPERTIES, AND HAZARDS

This chapter briefly describes the manufacture of plutonium and presents the nuclear,
physical, chemical, and radiobiological properties of plutonium (and/or sources for
these data) that form the basis for radiological and toxic control limits. The data and
discussion are intended to provide a basis for understanding the changes in hazards as
a function of such parameters as isotopic composition, age since chemical processing,
physical form, and chemical form. Data are presented to facilitate the calculation of
radiation effects, which occur from a variety of plutonium sources.

Plutonium is the first man-made element produced on an industrial scale. The special
nuclear properties of 2°Pu and 2**Pu have led scientists to focus their efforts on these
two isotopes. The fission cross-section of 2*Pu makes it a useful energy source for
atomic weapons and nuclear power reactors. The 87.7-year half-life of 2**Pu makes it
an excellent heat source for space applications. Unfortunately, the same nuclear
properties of plutonium that make it attractive to science also make this element
hazardous to human beings. All 15 plutonium isotopes are radioactive, with half-lives
ranging from 26 minutes for 2**Pu to 7.6 x 107 years for 2*Pu.

MANUFACTURE OF PLUTONIUM

Because of its high specific alpha activity and high decay heat, **Pu has been used as
an isotopic heat source for devices that generate thermoelectric power, such as the
Space Nuclear Auxiliary Power (SNAP) systems used in lunar and deep space
missions. Small amounts of 28Pu with low 23Pu content were used as a power source
for medical prosthetic devices such as cardiac pacemakers and a prototype artificial
heart, but lithium batteries have replaced these plutonium power sources. 2*Pu
containing a few parts per million of 2*¢Pu is produced by irradiating 2’Np with slow
neutrons. It can also be produced by irradiating 2! Am to form 22Cm, which quickly
decays to 2$Pu.

In the past, most plutonium in DOE facilities was produced for nuclear weapons and
was composed of greater than 90 wt% 2*°Pu and about 6 to 8 wt% 24Pu. This material
has been referred to as “weapons grade” or “low exposure” plutonium. It is produced
on a large scale by irradiating 238U in moderated production reactors (see Figure 2.1).
Plutonium has also been produced as a byproduct in the operation of research
reactors, and commercial nuclear power plants. It is recovered and purified by
solvent extraction and ion exchange processes. The resulting highly concentrated
Pu(NO,)*product solution is converted to a nonhygroscopic PuF4intermediate by one

of the several processes before being reduced to metal with calcium. Plutonium is
also produced from the waste streams of the conversion processes and scrap recovery
operations, which include material from research and development efforts. Other
processes for reduction to metal include direct reduction of the oxide and electrolytic
reduction. Typical isotopic compositions of three common grades of plutonium are
given in Table 2.1.
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Figure 2.1.  Principal Modes of Plutonium Production by Neutron Irradiation of Uranium
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Table 2.1. Isotopic Composition of Three Grades of Plutonium: Heat Source, Weapons, and
Reactor
Isotope Heat Source Weapons Guide Reactor Grade
238Py 90.0 <0.05 1.5
2¥%Pu 9.1 93.6 58.1
240Pu 0.6 6.0 24.1
241py 0.03 0.4 11.4
242Py <0.01 <0.05 4.9
Overviews of plutonium process chemistry at DOE's Hanford, Los Alamos, Rocky
Flats, and Savannah River sites are given by Christensen et al. (1983), Baldwin and
Navratil (1983), Coops et al. (1983), and Christensen and Mullins (1983). In each
case, solutions for recovery, purification, and waste treatment operations are
emphasized. Technology under consideration for incorporation in Weapons Complex
21 is described by Christensen (1992).
2.1.1 Future Sources of Plutonium

High-exposure plutonium, i.e., plutonium containing significant fractions of 2°Pu,
240Puy, and 2#?Pu, is produced in power reactor fuels. Currently, this form of plutonium
is in the irradiated fuel in spent-fuel storage basins and other sources resulting from
development work performed to demonstrate plutonium fuel cycles. Because
recycling of commercial reactor fuel is not anticipated, future supplies of plutonium
will be primarily from DOE production facilities and from reprocessing of current
material. In the more distant future, liquid metal fast breeder reactors (LMFBRs) may
be a potential source of plutonium.

Special isotopes of reasonably high purity are also available, which can be useful to
health physicists for calibration purposes. These isotopes and their sources are listed
in Table 2.2.

New sources of plutonium include the return of atomic weapon components and
plutonium recovered from decontamination and decommissioning (D&D) operations.
Foreign plutonium from states of the former Soviet Union may become an additional
source. Their weapons-grade plutonium is believed to contain 5% 24'Pu. Americium
is not periodically removed from their stockpile material.
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Table 2.2 Uses and Availabilities of Plutonium Isotopes

Isotopes Uses Availability
236Py, 237Py Popular environmental and biological chemical Both available in microcurie
tracers .quantities.®
238pPy Small thermal and electric-power generators. Available in various isotopic
enrichments, ranging from 78%
99+%.®
2%Pu Nuclear weapons and as a fast reactor fuel. Also, Available enrichments range
frequently used in chemical
research where from 97% to 99.99+%.®
production-grade material of mixed isotopic content
is suitable.
240Py Principally in flux monitors for fast reactors. Available enrichments range
from 93% t099+%.@
24Py The parent from which high-assay *! Am can be Samples available in
isolated for industrial purposes.
enrichments of 93%®
242Py For study of the physical properties of plutonium; Samples available in
also as a mass spectroscopy tracer and standard. enrichments ranging from
95% t0 99.9+%; enrichments of
production-grade material
range from 85% to 95%.®
24Py Currently, the only isotope available as a National ~ Can be obtained from DOE's

Institute of Standards and Technology (NIST) New Brunswick Laboratory.
Standard Reference Material (SRM) ®)

(a) Available in small quantities from the Oak Ridge National Laboratory (ORNL): ORNL Isotopes Sales Office,
Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tennessee 37830.

(b) A second NIST/SRM (a 1:1 mixture of 23°Pu and ?*?Pu) is being prepared, and a third (>*°Pu) is planned for
the future.

2.1.2

Laser Isotope Separation Process

Several new technologies are being considered to provide more highly purified
plutonium isotopes for various purposes. One of these processes, laser isotope
separation (LIS), has the potential to purify 2**Pu from almost any source of
plutonium. The LIS process produces a product enriched in 2*Pu and a byproduct
that contains the remaining plutonium isotopes. It is conceivable that the byproduct
stream could be further purified to produce a specific plutonium isotope, such as
238Py used for isotopic heat sources.

The LIS process has many benefits. It can significantly reduce external radiation
exposure to both neutron and gamma radiations for the product enriched in *°Pu.
(Potential exposure problems from the byproduct stream are discussed later in this
section.) The International Commission on Radiological Protection (ICRP) and the
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National Council on Radiation Protection and Measurements (NCRP) have
recommended increasing quality factors to a value of 20 for fast neutrons (ICRP,
1985; NCRP, 1987a). Thus, it may be desirable to reduce neutron exposures.
Neutrons arise primarily from even-numbered plutonium isotopes (mostly 2**Pu and
240Py) as a result of spontaneous fission and alpha-neutron reactions with low-atomic-
number impurities in the plutonium. The #*°Pu -enriched product of LIS will have
reduced concentration of these isotopes, resulting in lower intrinsic neutron
exposures. The LIS process can also result in significant reductions in gamma-ray
exposures for the product enriched in 2*Pu. Much of the whole-body and most of the
extremity exposure is a result of surface contamination on the gloves and the interior
of the glovebox. The 2! Am decay product, which results from the beta decay of 241Pu,
is a major contributor. Thus, the reduction of 2*'Pu can significantly reduce exposures
to hands and arms, as well as reduce the radiation streaming through glove ports in
shielded gloveboxes.

NUCLEAR PROPERTIES

Of the 15 plutonium isotopes, the two that have proven most useful are masses 239
and 238. Plutonium-239 is fissile, i.e., atoms of plutonium split upon exposure to
thermal or fast neutrons. Chemical reactions can release a few electron volts of
energy per atom; however, when a plutonium nucleus splits, it releases about 200
MeV of energy and two or three neutrons. This release of energy makes 2*°Pu useful
for nuclear weapons and reactor fuel. In fact, in light water reactors (LWRs) much of
the power originates from the fission of 2*Pu, which is produced by neutron capture
in 238U, Because of its higher specific activity, 238Pu is used as long-lived heat sources
for powering planetary space missions where adequate solar energy is not available.

As mentioned before, all plutonium isotopes are radioactive. Isotopes with even mass
numbers (except mass number 246) are primarily alpha emitters. Isotopes of mass
numbers 232, 233, 234, 235, and 237 also decay by electron capture; isotopes of
mass numbers 241, 243, 245, and 246 decay by beta emission. Many of the alpha-
emitting isotopes, such as 23Pu and 2*'Pu, also fission spontaneously and emit
neutrons. All of the particle emissions are accompanied by X-ray and gamma-ray
emissions over a wide range of energies.

A review of the nuclear properties of plutonium (e.g., cross-sections, nuclear levels,
half-lives, and fission yields) can be found in Volume 1 of the Plutonium Handbook:
A Guide to the Technology (Wick, 1967) and in American National Standards
Institute (ANSI) Standard N317, Performance Criteria for Instrumentation Used for
In-Plant Plutonium Monitoring (ANSI, 1980a). Plutonium decay schemes, neutron
yields, and neutron energy spectra are described in the following sections.

2.2.1 Decay Schemes

The decay modes of some important plutonium and other isotopes and decay
products are shown in Table 2.3. For brevity, only the most abundant radiations
have been included in the table; more detailed information can be found in
papers by Gunnink and Morrow (1967) and Klein (1971), in ICRP Publication
38 (ICRP, 1983), and from the National Nuclear Data Center. Most of the
isotopes are strong alpha-emitters, making alpha heating a problem for the
storage and handling of large amounts of plutonium. The specific activities
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Spontaneous Fission (2)

Radioactive Decay Properties of Selected Isotopes and Decay Products, Excluding

Isotope Half-Life Mode of Energy Yield, X-ray ® Gamma
Decay MeV d%  Energy Yield Ray Yield
Particle MeV % MeV %
6Py 2851y o 5.77 69.3 L’s0.011-0.021 13@ 0.0476  6.6x10°
o 5.72 30.6 0.109  1.2x10°
B8Py 877y o 5.50 71.0 L’s0.011-0.021 15©  0.0425 3955107
o 5.46 28.8 0.0999  7.35x10”
WPy 241x10%y «a 5157  73.1 L’s0.0116- 500 0099 122107
o 5144  15.0 0.0215 0.129  6.41x103
a 5106  11.8 0375  1.55x10"
0.414 1 .46x103
WPy 6564y o 5168  72.8 L’s0.0115- 10.8©@ 0.0452 4 50x102
o 5124 27.1 0.0215 0.104  7.08x103
2Py 1435y B 0.0052@ 100.00 -- - 0.077  2.20x10°
o 4896  2.04x10-3 0.1037 1.01x10*
0.114  6.0x10°
0.149 1.9x104
0.160  6.71x10°
Py 373x109y a 4901  77.5 L’s0.0116- 9.1 0.0449 3 65102
o 4857  22.4 0.0215 0.104  7.8x103
MAmM 4322y o 5486 852 L’s0.0119- 4200 0.0263 2.4
o 5443 12.8 0.0222 0.0332  1.2x10"
o 5388 1.4 0.0595 35.7
27y 6.75d B 0.039© 0.8 L’s0.0119- 700 0.0263  2.43
B 0.050© 3.4 0.0206 0.0595 345
B 0.065@ 51 53 0.0648 1.28
B 0.069@ 42  K’s0.097-0.114 0.165 1.85
0.208  21.1
0.268  7.1x10!
0332 12
0.335  9.5x10?
0369  4.0x10?
0371  1.1x10"
(a) Data from Dunford and Burrows (1993).

(b)
(©

(d)
(e)

L's =L X-rays; K's = K X-rays.
Total for all X-rays. The value represents an average obtained from data at Pacific Northwest Laboratory,
Lawrence Berkeley Laboratory, and Lawrence Livermore Laboratory.
Average beta energy given. The maximum beta average for #'Pu is 0.0208 MeV.
Average beta energy. The maximum beta energy for 2'U is 0.248 MeV.
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Table 2.4. Specific Activity Decay Heats of Selected Isotopes®

Isoptope  Half-Life Specific Activity, Ci/G  Average Particle Energy Decay Heat

Y per Disintegration, MeV® W/g®
2Py 2.851 o 534 a 5.75 18.2
28Pu 87.7 a 17.1 o 549 .0567
2%Pu 2407x 10* a  6.22x 102 o 5.14 1.93x 1073
240Pu 6564 a 0229 a 5.16 7.13x 107
24Py 14.35 o 252x103 atf 5.27x 1073 3.29x 107

B 103

242Py 3.733x 10° = 3.93x 107 o 490 1.16 x 10+
By 72.0 a 215 o 531 0.690
33U 1.59x 105 a  9.75x 103 o 472 2.84x 10+
»U 245x10° a  6.29x 103 o 4.76 1.81x 10+
35U 7.04x 107 a  2.17x10° o 424 6.02 x 10
i) 234x107 a  65x10° o 448 1.77 x 10°
28y 447x10° o  3.38x107 o 4.18 8.58 x 10°
ZNp 2.14x 10 a  7.08x 10+ o 4.76 2.08x 10»
2Am 432.2 o 343 o 537 0.115

(a) Data from ICRP 38 (1983).
(b) Includes atomic recoil and low-energy X-ray production.

and decay heats for selected isotopes and decay products are given in Table
2.4. Kilogram quantities of 2°Pu or gram quantities of 2**Pu can generate
enough heat to melt plastic bags. Sources of 28Pu must be handled with
insulated gloves, and special precautions must be taken to ensure a good
thermal heat sink during shipping and storage. (See also Section 2.5.1, “Self-

Heating.”)

The plutonium isotopes emit relatively few high-energy gamma rays, so even
kilogram quantities can be processed without serious gamma-exposure
problems. Because of the high density of plutonium, many gamma rays are

self-absorbed. In some instances, the decay products may become significant in
radiation protection and metallurgy. For instance, the isotope 22°Pu often
constitutes less than 1% of plutonium and is often ignored in dose calculations.
However, if the plutonium is shielded by greater than 1 cm of lead or steel, the
decay products of 2**Pu may be the largest contributors to exposure. The decay
product 2%T1 emits a highly penetrating gamma ray with an energy of 2.615
MeV. In plutonium that contains a few weight percent ?#'Pu, the ! Am decay
product is important because it emits a large number of 60-keV photons, which
can be a significant source of exposure to the hands and forearms when
handling plutonium in gloveboxes.
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(See Section 6.3.3 for more information.) Also, ' Am can contribute to neutron
dose. Americium-241 contributes to increased alpha emission which affects the
neutron dose as well as radiolysis and helium retention and release. Because of
its importance to radiation exposure, the fractional amount of 2! Am produced
by beta decay from 2*'Pu is given as a function of time since chemical
separation (see Figure 2.2).

2.2.2 Neutron Yields and Spectra

Plutonium and plutonium compounds also emit neutrons from spontaneous
fission and from alpha-neutron reactions with light elements. The spontaneous
fission half-life and the neutron yields from spontaneous fission and alpha-
neutron reactions for plutonium metal and plutonium compounds are provided
in Section 6.0 of this TS. The approximate neutron yield from a substance with
a known isotopic composition can be determined by adding the contributions
from each component. This procedure and its limitations are described in detail
in Section 6.0, which also discusses neutron dose equivalent rates.

Energy spectra from Pu-Be and Pu-B neutron sources are shown in Figure 2.3
Because of licensing restrictions on plutonium, these sources have been
replaced with source fabricated from americium. Metallic plutonium emits
neutrons having a Maxwellian energy distribution, with an average energy of
about 1.9 MeV. Plutonium compounds and alloys also emit neutrons from
alpha-neutron reactions, and these neutrons have significantly different
energies:

-- PuF4, about 1.3 MeV

-- 10% plutonium-aluminum alloys, 1.6 MeV
-- PuOz, slightly more than 2 MeV

-- PuBe, 4.3 MeV.

Plutonium compounds or alloys containing sodium, magnesium, silicon,

chlorine, carbon, or oxygen have significant alpha-neutron yields, but little
information is available about their neutron energy spectra.
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PHYSICAL AND CHEMICAL PROPERTIES

This discussion of plutonium's physical and chemical properties begins with
plutonium metal, followed by its alloys and compounds. Knowledge of the physical
properties of these classes of materials and how the plutonium was produced is the
key to understanding and predicting the hazards of working with this challenging
element. According to Healy (1993), “Nature does not decide what happens to any
material based on its radioactivity but rather on its form and mass.” Form and mass
are determined by the engineering application and the kinds of processes needed to
achieve both intermediate and final products. Thus, to prevent nature from taking its
course, there can be no shortcuts in good practices for plutonium facilities.

2.3.1 Plutonium Metal

The metallic state of plutonium is undoubtedly the most complicated of all the
elements. Plutonium is a silvery-white metal, much like nickel in appearance. It
has a low melting point (640°C) and an unusually high boiling point (3327°C).
The metal exists in six allotropic forms, as indicated in Table 2.5. Two of the
allotropic forms, ¢ and G’, contract upon heating; the other forms expand
upon heating. At room temperature, pure
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Time, yrars

Figure 2.3 Neutron Energy Spectra of Plutonium-Beryllium and Plutonium-Boron Neutron
Sources Compared with a Fission Source

plutonium exists in the o phase, which has a triclinic structure with a
theoretical density of about 19.86 g/cm?. The dimensional stability of this
phase is aggravated by its high linear thermal expansion coefficient and its low
o> P transition temperature. This transformation takes place at
approximately 115°C, resulting in a 10% volume change. The combination of a
high specific activity and low thermal conductivity can result in significant
dimensional distortion during metal-forming operations. For this reason, a ¢ -
stabilized dilute gallium alloy, which has a density of about 15.75 g/cm?, is
used when a more dimensionally stable plutonium is desired (Merz, 1971).
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Table 2.5. Allotropic Forms of Plutonium Metal®

Phase Stability Range °C Density g/cm?®
o Stable below 115 19.86
B ~115 to 200 17.70
A ~200 to 310 17.14
o] 310 to 452 15.92
G’ 452 to0 480 16
€ 480 to 640 16.51

(a) Wick, 1967, p. 34.
(b) Theoretical X-ray density. The actual density is slightly lower due to crystal
lattice imperfection.

Plutonium is an active metal. In moist air or moist argon, the metal oxidizes
rapidly, producing a mixture of oxides and hydrides (Haschke, 1992). If the
metal is exposed long enough, an olive-green powdery surface coating of PuO:
is formed. With this coating, the metal is pyrophoric, so plutonium metal is
usually handled in an inert, dry atmosphere of nitrogen or argon. Oxygen
retards the effects of moisture and acts as a passivating agent (Raynor and
Sackman, 1963). For a description of the storage hazards that the oxidation of
plutonium metal creates, see Section 2.6.3.1, “Oxidation of Plutonium.” A
comprehensive treatment of the oxidation of plutonium, the properties of its
oxides, oxide growth, and oxidation kinetics was reviewed by Colmenares
(1975).

Plutonium metal also reacts with most common gases at elevated temperatures.
Plutonium metal is rapidly dissolved by HCI, HBr, 72% HCI0s, 85% H3POs,
concentrated CCI13COOH (trichloroacetic acid), sulfamic acid, and boiling
concentrated HNO:s in the presence of 0.005M HF. The metal reacts slowly
with water, dilute sulfuric acid, and dilute acetic acid. There is no reaction with
the metal in pure HNO:s at any concentration, with concentrated acetic acid, nor
with dilute sodium hydroxide.
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2.3.2 Plutonium Alloys

Alloying plutonium gives rise to a host of materials with a wide range of physical,
chemical, and nuclear properties.' The search for and development of new alloys has
been focused mainly on the manufacture of atomic weapons, reactor fuels, heat
sources, and neutron sources. The challenge of alloy development is how to
maximize the desired properties without adding undesired ones. Unfortunately, some
properties mutually exclude others (e.g., a gain in hardness usually results in a loss of
ductility), so users may be forced to rethink their needs.

The radiological hazards of a plutonium alloy taken through its product life cycle
differ from those of the pure metal isotope by virtue of the alloy's properties, which
affect its form (i.e., its chemical composition, density, and geometric shape). Because
form can be radically changed by external conditions (e.g., heat, pressure, and
chemical atmosphere), a knowledge of the following properties will aid in evaluating
the radioactive hazard:

-- melting point -- diffusivity

-- viscosity -- strength

-- vapor pressure -- ductility
-- corrosion resistance
-- pyrophoricity.

In nuclear fuel applications, the neutron absorption cross-section of the alloying
elements and impurities must also be considered for its effect on radiation exposure.

2.3.3 Plutonium Compounds

Much of what was said in Section 2.3.2 about the properties of plutonium alloys also
applies to plutonium compounds because both are mixtures of plutonium and other
elements.

Plutonium is the fifth element in the actinide series, which consists of elements with
properties that stem from partial vacancies in the 5th electron shell. These elements
form the seventh row in the periodic table. In general, there are four oxidation states:
III, IV, V, and VL. In aqueous solutions, plutonium (III) is oxidized into plutonium
(IV), which is the most stable state. The compounds PuF,, Pu(10,),, Pu(OH),, and

Pu(C,0,),6H,0

! See Volume 1 (Section 2) and Volume 2 (Section 5) of the Plutonium Handbook: A Guide to the Technology (Wick, 1967);
Plutonium (Taube, 1964); and Chapter 11 of the”Reactor Handbook” in Materials, vol. 1 (Tipton, 1960). Beginning in 1957, a series
of international conferences were held whose proceedings contain a wealth of information on plutonium alloys. From 1960 through
1975, the conferences were held every five years and produced a proceedings for each conference: Refer to The Metal Plutonium
(Coffinberry and Miner, 1961); Plutonium 1960 (Grison et al., 1961); “ Plutonium 1965 (Kay and Waldron, 1966); “Plutonium 1970
and Other Actinides,” Parts I and II (Miner, 1971); and “Plutonium 1975 and Other Actinides” (Blank and Lindner, 1976).
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(plutonium oxalate) are insoluble in water. The chlorides, nitrates, perchlorates, and
sulfates are soluble in water. Plutonium (IV) ions complex readily with organic and
inorganic compounds. Of particular importance for radiological safety considerations
are the solubility, particle size, and surface area of plutonium compounds. These
properties play an important part in the transportability of plutonium in the
environment and in the body. All plutonium compounds, except the oxides, are
assumed in ICRP 30, Part 1 (ICRP, 1979) to behave as class W compounds in the
ICRP lung model. Plutonium oxides are assumed to be class Y. The solubility of
plutonium compounds is an important parameter in avoiding “unintentional”
homogeneous reactors. Knowledge of this property for both aqueous and organic
solvents plays a key role in criticality safety and deserves a high priority.

Unfortunately, little data on particle-size are available, and those that have been
generated focus on the reactivity of the materials in the separation and conversion
processes. Much of the data are reported as crystallite size, which relates to surface
area and solubility but not necessarily to the way the particles would be dispersed in
the air. Surface area plays a role in the ability of materials to adsorb gases and vapors
that can affect the long-term storage behavior of plutonium compounds. Pressure
buildup in storage containers, either from out gassing due to self-heating or radiolytic
effects, will depend on the stability of the compound and the amounts of chemisorbed
or physisorbed water or other substances.

The following sections discuss the essential compounds of plutonium: plutonium
nitrate and associated compounds, plutonium dioxide, plutonium hydride, plutonium
sulfate, plutonium chlorides, and plutonium fuel mixtures.

2.3.3.1 Plutonium Nitrate, Oxalate, Peroxide, and Fluorides

Plutonium (IV) nitrate is the most used of all plutonium compounds.
Essentially all chemical processing of plutonium has been conducted in
nitrate solutions. These solutions of appropriate acidities range from
concentrations of 10g to 250g of Pu/L for efficient precipitation processes.
Intermediate compounds are also used in the processing of plutonium
prepared from the nitrate: plutonium (III) fluoride, plutonium (II or I'V)
oxalate, and plutonium peroxide. Plutonium (IV) fluoride can be prepared
from any of the preceding solids by hydrofluorination. Plutonium fluoride
has been the compound of choice for reduction to the metal with calcium,
principally because it is nonhygroscopic. The solubilities in various media,
bulk densities, and particle sizes of these compounds are given in Table 2.6.
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Table 2.6. Solubilities and Properties of Selected Compounds

Measured Solubility Bulk Density, g Pu/LL

Sintered

Media
Compound Medium g/Pul Filter Cake Dry Compound Porosity, um®
Flouride (III) 1M HF — 1M HCl 0.03 - 1-2.5 15-20
Fluoride (IV) 2M HF —2M HNO, 0.70 0.6-0.8 0.5-2.0 15-20
Oxalate (III)  0.5M C,0,> - 3M HNO, 0.01 0.6-0.8 - 15-20
Oxalate (IV)  0.1M C,0,* - 4M HNO, 0.003 0.5-0.6 0.6 15-20
Peroxide (IV) 3M H,0, - IM HNO, 0.10 0.10-0.6 - 30-80

(a) Sintered media porosity required to remain precipitate.

Plutonium hexafluoride is the only volatile plutonium compound (bp 62°C)
and is marginally stable. It can be prepared by oxidizing PuF ,with F, at an
elevated temperature (Weinstock and Malm, 1956). It can also be prepared at
low temperatures by a fluorinating agent, fluorine dioxide (Malm et al.,
1984). Plutonium waste treatment and decontamination may benefit from
processes using photolysis or microwave discharge to produce active fluorine
species from FOOF or CF,/O, mixtures, which will react with plutonium or

plutonium dioxide to form PuF (Martz et al., 1991).

2.3.3.2 Plutonium Dioxide

Plutonium dioxide may now be the most important and most
thoroughly studied of all plutonium compounds. Due to its chemical
stability and relative inertness, it is the preferred form for shipping
and storing plutonium at the present time. Direct oxide reduction
(DOR) of PuOQ, is part of the integrated pyrochemical system used at

the Los Alamos National Laboratory (LANL) (Christensen and
Mullins, 1983; Mullins et al., 1982). Plutonium dioxide is formed
when plutonium or its compounds (except the phosphates) are
ignited in air, and often results when oxygen-containing compounds
are heated in vacuo or in an inert atmosphere to 1000°C (Cleveland,
1970). The properties of PuO, are reported by Moseley and Wing

(1965).

Loose PuO2powder, as formed by calcination, usually has a density
of about 2 g/cm?. If the oxide is pressed and sintered into pellets, it
may have a density of about 10.3 to 11.0 g/cm?. Surface
measurements of typical oxides prepared from the calcination of
plutonium (I'V) oxalate at various temperatures range from 10 to 60
m,/g. Caldwell (1961) found that the surface area decreased with

increasing temperatures. Plutonium oxide fired at temperatures
>600°C is difficult to rapidly or completely dissolve in common
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acids or molten salts. The best solvents are 12—16M HNOs with
0.10-0.1M HF, 5-6M HI, and 9M HBr (Cleveland, 1964; Holley et
al., 1958). New processes are being developed to correct this
deficiency using a superacid, HF/SbF, (Olaha et al., 1985) and
CEPOD, a fluoride-free electrochemical dissolver that uses the silver
anion as a redox catalyst (Bray et al., 1987).

2.3.3.3 Plutonium Hydride

Plutonium hydride has recently become a compound of interest for
separating plutonium scrap from other materials that do not readily
unite with hydrogen.? The reaction between plutonium and hydrogen
apparently proceeds by the initial formation of PuH2. As more
hydrogen is added, the dihydride becomes PuH,, . The hexagonal
PuHs begins to form when the H/Pu ratio becomes about 2.75; when
the H/Pu ratio reaches 2.9 to 3.0, only the hexagonal form remains.
A wide spread is reported in the measured induction period for the
first reaction (Haschke, 1991). Because the hydriding reaction is
fully reversible, plutonium metal can be recovered by pumping off
the hydrogen in a suitable vacuum furnace. This metal typically
contains significant amounts of plutonium oxide but is suitable for
feed to either molten salt extraction or electrorefining processes. The
hydride can also be converted to the oxide. The advantage of the
hydride recovery process is its ability to recover a large fraction of
the scrap in metallic form. This method, therefore, has a major
economic advantage over chemical recycling and subsequent
reduction to metal. It is being used as a production aid for metallic
scrap recovery.

2.3.3.4 Plutonium Sulfates

Plutonium sulfate tetrahydrate, Pu(SO,) ,» 4H,0, has not been of any

process importance but has been of interest as a primary standard for
plutonium. It is a good example of a stable compound that could be
suitable as an interim storage form. Samples stored at relative
humidities of up to 75% showed no evidence of alpha radiolysis of
the water of crystallization after 28 months. The compound is
hygroscopic in air of 95% relative humidity, and stable up to 650°C,
at which point it quickly decomposes to PuO, (Cleveland, 1970). The
potassium salt, K,Pu(SO,) ,- 1H,O, was under study as a possible

primary standard for 28Pu. Crystals stored in an air-tight steel
container, which also functioned as a heat sink, proved to be stable.
The solubility product of this compound was determined to be 10-'8.

2 The properties of plutonium hydrides may be found in Volume 3 of the Handbook of Physics and Chemistry of the Actinides (Ward,
1985). Kinetics of the plutonium hydrogen reaction are reviewed by Haschke (1991).
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2.3.3.5 Plutonium Chlorides

Chloride salts, which are a very important category of residues, are
byproducts of pyrochemical operations. Pyrochemical chloride-based
operations currently in use include:

-- DOR

-- electrorefining (ER)

-- molten salt extraction (MSE)

-- pyroredox.

Treatment of chloride-based residues is especially challenging for
aqueous recovery techniques because of corrosion problems with
stainless steel equipment. At the LANL site, Kynar-lined gloveboxes
were to be installed to evaluate their behavior in production-scale
operations. The Rocky Flats Plant (RFP) has also had extensive
experience in aqueous recovery of plutonium from chloride-based
residues (Muscatello et al., 1986a, 1986b, 1987). Cesium
chloroplutonate, Cs,PuCl,, was proposed as a primary analytical
standard due to its stability to alpha radiolysis and may now have
application as a storage form. It was first prepared by Anderson
(1949). There is no evidence of water absorption at relative
humidities as high as 53% (Miner et al., 1963). After 64 days at 90%
relative humidity, Cs,PuCl forms a paste.

2.3.3.6 Plutonium Fuels

Plutonium and plutonium-uranium fuel mixtures were developed and
tested in experimental reactors to prove the feasibility of operating
power reactors. These fuels included both liquids and solids
consisting of alloys and ceramic mixtures. Wick (1967) and
Schneider and Roepenack (1986) provide comprehensive lists of
fuels. Because of their pyrophoric nature, some of these alloys and
compounds require special care and handling when exposed to
reactive liquids or gases.

RADIOLOGICAL EFFECTS ON HUMANS

The radiobiological properties of plutonium and other transuranic (TRU) elements
are known primarily from experiments performed on rats, dogs, baboons, and rabbits.
Human data on plutonium are limited. Reviews of the vast literature on plutonium
include Hodge et al. (1973); ICRP 19 (1972); ICRP 30, Part 1 (1979); ICRP 48
(1986); ICRP 30, Part 4 (1988b); and Liverman et al. (1974). ICRP 30, Part 1 (1979)
and ICRP 48 (1986) report different gastrointestinal (GI) absorption and
biodistribution parameters. The committed effective dose equivalents, calculated
using the models of the two publications, will differ by about 10%, with
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the ICRP 48 model yielding the lesser value. Factors affecting radiobiological effects
include the mode of entry of plutonium into the body, its distribution in the body, and
its transfer to a fetus.

24.1

2.4.2

Modes of Entry into the Body

Radioactive material can enter the body by four different pathways: by
inhalation, through a wound, by ingestion, or by absorption through intact
skin. These pathways may occur singly or in any combination.

-- Inhalation is probably the most prevalent mode for occupational intake
of plutonium. It also provides a generally conservative assumption of
intake for designing bioassay programs.

--  Wounds are potentially the most serious mode of intake because of the
high dose-per-unit uptake of plutonium. Wounds can result from direct
penetration by an object (i.e., a puncture or cut), from abrasion, or from
burning by an acid, caustic, or thermal source.

--  Occupational ingestion of plutonium poses a relatively small risk
because the uptake factor from the GI tract to the blood is quite small
and because most of the alpha energy from transformations within the
GI tract is absorbed by the contents of the GI tract, rather than by the
target tissues of the tract itself.

--  Absorption of plutonium through intact skin is, for practical purposes,
almost nonexistent. However, when removing skin contamination, care
must be taken to ensure that the skin integrity is not damaged by rough
or extensive decontamination procedures. If the skin integrity is
damaged, the result can be considered a wound, regardless of how it
occurred.

Distribution Within the Body

Three commonly encountered biokinetic models have been promulgated by
the ICRP for the internal distribution and retention of plutonium. These
models are identified by the ICRP publications in which they were first
reported: ICRP 30, Part 1 (1979), ICRP 48 (1986), and ICRP 30, Part 4
(1988b). The models are similar with regard to the organs of significance,
but differ with regard to the fraction of uptake deposited in the organ and
its respective retention (or clearance) half-time in the organ. The three
models represent the ones most widely used in dosimetry and in
commercially available computer codes. In all three ICRP models, once
plutonium has reached the bloodstream, it is translocated primarily to the
liver and skeleton. In the skeleton, it is deposited primarily on the endosteal
surfaces of mineral bone, from which it is gradually redistributed
throughout the bone volume by resorption and burial. Because of the
extremely slow nature of this redistribution, plutonium is considered to be
uniformly distributed over bone surfaces at all times following skeleton
deposition. A small fraction of the translocated plutonium reaches the
gonads. Although the gonadal fraction is different for males and females,
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the calculated gonadal doses are the same regardless of gender because the
plutonium concentration in the tissues is assumed to be the same. The
ICRP assumes that the remainder goes directly to excretion. Although the
ICRP did not specifically state the fraction of systemic excretion occurring
by urine as opposed to feces, a 0.5 fraction for each is often assumed.

Metabolic distribution and retention parameters for the three ICRP models
are shown in Table 2.7. The table also includes the absorption factors from
the GI tract to the bloodstream, as well as the inhalation class of common
forms of plutonium.

Americium, as an ingrown impurity from the decay of 2*'Pu, can behave
the same way as the plutonium host matrix in which it is contained. This
implies that the >*! Am associated with a class Y inhalation of plutonium
might exhibit class Y behavior, rather than the class W behavior assigned
by the ICRP. This observation has been made in ICRP 48 (1996) and by
Eidson (1980).

Experience has shown that the biokinetic models in Table 2.7 are subject to
some significant variations. A Hanford plutonium-oxide-exposure case
described by Carbaugh et al. (1991) has demonstrated lung retention far
greater than that expected for a class Y material, leading to the suggestion
of a tenaciously retained “super class Y” form. This phenomenon has been
informally verified by dosimetry personnel at the Rocky Flats, Savannah
River, and Los Alamos sites, and is supported in the literature by Foster
(1991). At the other extreme, La Bone et al. (1992) have identified a
circumstance in which a 2**Pu oxide inhalation class appeared to exhibit
biokinetic behavior more characteristic of an inhalation class D material.
These extremes emphasize the importance of addressing the uniqueness of
individual workers and exposure circumstances when dealing with known
intakes, rather than relying on the assumed standard models.

Transfer to the Fetus

In its most recent review of the metabolism of plutonium and related
actinides, it was noted in [CRP 48 (1986) that there is no strong evidence
for preferential deposition of plutonium in the fetus and that the
concentration of plutonium in the bone of the embryo or fetus is rapidly
diluted by growth. However, experimental animal studies have shown that
plutonium crosses the placenta after injection in pregnant animals (Green et
al., 1979). For fallout plutonium, it has been qualitatively confirmed in
humans that plutonium crosses the placenta (Okabayashi and Watanabe,
1973). However, placental and fetal membranes appear to effectively trap a
portion of the plutonium that might otherwise reach the fetus.

The behavior of plutonium in the embryo/fetus changes with the
development of the embryo/fetus (Sikov, 1987; Sikov et al., 1992). Liver
and bone surfaces are the principal sites of plutonium deposition in the
embryo/fetus, accounting for approximately 80% of the deposited
plutonium (ICRP 48, 1986). Plutonium that deposits on bone surfaces
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following prenatal or neonatal exposure gradually moves into the bone
matrix during subsequent bone-remodeling processes.

The radiation doses produced in the embryonic stage are assumed to be
relatively homogeneous and represent a small fraction of the doses
received by the pregnant woman when averaged over all tissues. The dose
to the fetus would constitute an even smaller fraction of the maternal dose
to any tissue in which there was specific deposition (Sikov et al., 1992). As
gestation progresses, there is an increase in the relative plutonium
concentration in specific fetal tissues, namely the bone and liver (Sikov et
al., 1992). Although limited information is available, experimental animal
and human data suggest that the average concentration is higher in the fetus
during the second or third trimesters than in soft tissues of the pregnant
woman, exclusive of the liver, yet significantly less than in maternal tissues
of primary deposition, i.e., the bone and liver.

Because placental structures, including the yolk sac, effectively trap
plutonium, progenitor cells of the gametes and hematopoietic lines that
appear initially in the blood islands of the yolk sac are irradiated while they
are primitive stem cells. However, the dose received by the early
embryonic cells and the detriment produced is not currently known.
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Table 2.7. Common Biokinetic Models for Plutonium and Americum

Model Parameter ICRP 30, Part 1 ICRP 48 ICRP 30, Part 4
Metobolic Distribution® F T F T F T
Bone Surfaces 0.45 100y 0.50 50y 045 50y
Liver 0.45 40y 0.30 20y 045 20y
Gonads®

Male 35x 1040 35x 1040 35x 1040
Female 1.1x 1040 1.1x 1040 1.1x10%a

GI Tract Absorbtion Factor

Ox Oxides 10 10 10

Pu nitrates n.a. © 104 104

Pu-others 104 103 103

Am-(any) 5x 104 1073 1073

Inhalation Class

Po Oxides Y Y Y

Pu-others \W% W W

Am-(any) w w w

(a)  F is the fraction of plutonium reaching the bloodstream that is translocated to the organ of concern.
T is the retention (or clearance) half-time in the organ of concern.

(b)  Plutonium is assumed to be uniformly concentrated in male and female gonadal tissue where it is
permanently retained. The deposition fractions are derived, based on the relative mass of the
reference male and female tissues.

() n.a. = not specifically addressed.

2.5 RADIATION EFFECTS ON MATERIALS

The following sections discuss, in order, self-heating and the various effects of radiolysis.
Radioactive decay, particularly alpha decay, can and does affect operations in plutonium
purification processes. The change in emphasis from plutonium production to waste
cleanup, environmental restoration, and the retirement of nuclear weapons will present
favorable circumstances for cumulative radiolytic effects, especially in the stabilization
processes and the final storage form.

Self-heating and helium retention and release are also included in this section since they
too are part of the end result of the alpha decay process. Neutron production from the
alpha-neutron reaction is discussed in Section 6.0. The degree of all these effects depends
on the plutonium isotopic composition and the americium impurity level. Table 2.8 lists
potential hazards or damage to materials from exposure to radiation.
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2.5.1 Self-Heating

Heat generated by radioactive decay in plutonium, its alloys, or its
compounds can be calculated from data provided in Table 2.4, together with
the isotopic composition and plutonium fraction. The power output of
reactor-produced #°Pu metal is usually in the range of 2 to 10 W/kg.
According to Van Tuyl,? the equilibrium surface temperature of a metal can
that contains 1.2 kg of plutonium at the higher specific power would be
150°C. This calculation is complex because it depends on the thermal
conductivities and configuration of all the materials in the shipping container.
Thermal diffusivity measurements reported by Kruger and Robbins (1975)
were combined with existing heat capacity values to derive a curve for the
thermal conductivity of the Pu-1wt% Ga alloy from room temperature to
600°C. Gram quantities of 2®Pu can melt from self-heating under poor heat-
transfer conditions. The major effects to be expected from self-heating are
phase transformation, dimensional changes, chemical reactions (depending
on the gaseous environment or other materials in contact with the
plutonium), and desorption of previously sorbed gases or vapors.

2.5.2 Radiolysis

In gases, liquids, and covalently bonded solids, the chemical effects of alpha
particles and the associated recoil nucleus can cause ionization, excitation,
and dissociation of molecules. From the energy requirement for ion pair
formation, only about half the energy causes ionization; the other half goes
into molecular excitation. Radiation effects are commonly measured by a
quantity called the G-value, i.e, the number of molecules destroyed for each
100 eV of energy absorbed. For free radical production, this quantity is
expressed as the Gy-value. For organic liquids, G,-values typically range

from 0.85 for carbon disulfide to 70 for carbon tetrachloride (Prevost-Bérnas
etal., 1952).

Although there is a considerable body of data on the radiolysis of aqueous
solutions, organic liquids, and solids irradiated by gamma rays, X-rays, and
fast electrons, little has been published on the radiolysis of plutonium
compounds, solvents containing plutonium, or radiation-induced damage in
materials that come in contact with plutonium. Nevertheless, radiation-
induced damage can affect all aspects of plutonium handling.

3Van Tuyl, H. H. 1981. “Packaging of Plutonium for Storage or Shipment.” Unpublished report by the Pacific Northwest Laboratory
task force chairperson to the U.S. Department of Energy.
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Table 2.8. Potential Hazards or Damage to Materials from Exposure to Radiation

Radiation-Induced Reaction Potential Hazard or Damage Problem
Radiolysis of oxygen-contaminated glovebox Production of ozone-damage
atmospheres to elastomers: gloves, seals,

etc.
Gaseous PuFs Deposition of solid PuF, on
equipment
PuO: exposed to hydrocarbons or humid Production of hydrogen gas
environments pressure buildup in

nonvented containers.

Ion exchange resins Damaged resin can react
Violently with HNO, or other
Oxidizers. Also may result in
hydrogen gas- pressure

buildup.

CClssaturated with H20 Production of Cl,. C,Cl;HCI,
and phosgene.

Polyethylene Disintegrates with production
of H,.

Polyvinylchloride (PVC) plastics Disintegrates with production

of HCl-corrosion.

Tri-n-butylphosphate Production of hydrogen and
oxygen-pressure buildup in
nonvented containers.

Aqueous plutonium solutions Production of polymeric
plutonium hydroxide
(plutonium polymer), which
plates out on vessel surfaces
and piping, producing
swelling, cracking, loss of
ductility.

Low-acidity plutonium solutions Increase in leachability.

It would be futile and inappropriate to list, let alone discuss, all the possible
radiolytic reactions affecting plutonium-handling. However, it is important to
recognize the potential for and anticipate the consequences of these reactions.
The following sections cover a broad range of the types of radiation-induced
damage common to plutonium handling.

2.5.2.1 Hydrogen Production

The G-value for the production of H, by the alpha radiolysis of pure

water is 1.9+0.1 molecules of hydrogen per 100 eV (Prevost-Bérnas
et al., 1952). Cleveland (1970) calculates that the energy released in
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0.001M (0.24 g/L) of plutonium solution is on the order of 2 x 104
eV per minute. Thus, the hydrogen evolution would be
approximately 3.8 x 10> molecules per liter per day for a 1M
solution, or about 73 cm? of hydrogen per year.

The G-values for H, in solids irradiated by gamma rays are lower:
0.1 for ice (Johnson, 1970) and 0.01 for the hydrates of a large
number of sulfates (Huang and Johnson, 1964). Because the stability
of PuSO, . 4H,0 was found to be remarkably high (Cleveland, 1970),

one of the sulfates may well serve as an alternate interim waste form.
Dole (1974) summarized the radiation chemistry of polyethylene,
quoting G-values for hydrogen as 5 molecules per 100 eV.
Destruction of plutonium hexafluoride as the solid phase amounts to
about 1.5% of the material per day (Weinstock and Malm, 1956).
Cleveland (1970) calculated the mean change in average oxidation
number in 0.5-2M of perchloric acid to be 0.018 moles per day,
corresponding to a G-value of 3.2 equivalents per 100 eV. The
formation of hydrogen peroxide from the radiolysis of water is
believed to be the mechanism for the reduction of plutonium (VI)
ions. Lower oxidation states are formed by the disproportionation of
the plutonium (V) species.

Pressurization of storage containers holding TRU wastes is a
potential hazard for both long and interim storage periods (Kazanjian
et al., 1985). Sampling of TRU waste drums shows that hydrogen is
usually created (Roggenthem et al., 1989). Waste drums with
pinholes can “breathe” when the atmospheric pressure changes,
thereby introducing water vapor. Water vapor adsorbed on plutonium
compounds is radiolytically decomposed, thereby producing
hydrogen. It may be possible to add pressure relief valves and
appropriate in-line filters to waste drums. (See Section 2.7 for more
information on storage and containment.)

Redox Reactions

In most chemical processes for purifying plutonium, it is essential to
maintain its valence state. The formation of hydrogen peroxide from
the radiolysis of water is believed to be the mechanism for the
reduction of plutonium (VI) ions. Lower oxidation states are formed
by the disproportionation of the plutonium (V) species. Cleveland
(1970) calculated the mean change in average oxidation number in
0.5-2M of perchloric acid to be 0.018 moles per day, corresponding
to a G-value of 3.2 equivalents per 100 eV.

In the radiolysis of solutions, the presence of other ionic species can
accelerate or inhibit the disproportionation of plutonium valence
states. For example, the presence of the chloride ion in plutonium
(V) solutions prevents reduction to plutonium (IV). Reactions may
reverse after long irradiation periods, in which case a steady-state
condition should ultimately be reached, resulting in a net
decomposition rate of zero. An excellent review of the radiation
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chemistry of plutonium nitrate solutions may be found in Miner and
Seed (1966). In dilute solution (0.1M), Grz1s about 0.5 and Goz
increases to 1.45. Self-reduction of Plutonium hexafluoride as the
solid phase amounts to about 1.5% of the material per day
(Weinstock and Malm, 1956). See Cleveland (1970) Chapter 2, for
more information.

Miscellaneous Radiolytic Reactions

A serious limitation to the use of organic ion exchange materials is
their radiation stability. Brookhaven National Laboratory reviewed
the literature and summarized the effect of ionizing radiation on both
organic and inorganic ion exchange materials (Gangwer et al., 1977).
Extraction of plutonium (IV) from 3M HNO, into 30 vol% tributyl
phosphate in kerosene at 5°C decreased the extraction coefficient by
a factor of two when irradiated to a dose of 3.6 x 107R (Tsujino and
Ishihara, 1966). The mechanical properties of thin plastic films such
as polyethylene and polyvinyl chloride degrade with exposure to
plutonium. Cellulose vacuum-cleaner bags will disintegrate in less
than a month if used for housekeeping purposes in plutonium-
contaminated gloveboxes. Leachability of plutonium-containing
wastes could be affected by the production of nitric acid for air-
equilibrated dilute salt solutions (Rai et al., 1980).

Helium Retention and Release

Helium introduced by alpha-bombardment of plutonium and the
alloys and compounds of plutonium can cause lattice expansion. This
was first observed for plutonium oxides, carbides, and nitrides by
Rand et al. (1962) and was later observed for two plutonium carbide
phases. Helium is retained in vitrified compounds. The retention and
release behavior of helium in plasma-torch-fused Pu0, microspheres

for SNAP is an important parameter in the design of the heat source.
Approximately 530 cm? at standard temperature and pressure (STP)
per year-kg are produced by 2**Pu0, (Stark, 1970). Microspheres of
80% 2¥PuO,and 20% 2*°PuO, that were approximately 50 mm in
diameter, prepared by the sol-gel process, released 92.8% of the
helium in 8 months at room temperature (Northrup et al., 1970).
Metals at temperatures well below the melting point trap the
insoluble helium gas in tiny bubbles, which are more or less evenly
distributed through the matrix material (Stevens et al., 1988). Helium
buildup in weapon-grade material is approximately 4 standard cm’
per year-kg.

OCCUPATIONAL HAZARDS

The major industrial hazard in plutonium facilities is the potential for loss of control
of a highly toxic substance, resulting in either the inhalation or ingestion of
plutonium or one of its compounds by personnel, or the exposure to excessive
radiation from a criticality accident. The possibility of a fire or explosion in a
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plutonium facility is probably the most serious threat because the consequences of a
fire could lead to loss of containment and subsequent dispersement of highly mobile
plutonium particulates. In addition, fighting the fire with water to maintain
containment could create the potential for a criticality accident and/or loss of
containment in the immediate vicinity.

The day-to-day hazards for personnel in plutonium facilities involve exposure to
gamma rays, X-rays, and neutrons, as well as possible accumulation of plutonium in
the body. These hazards are described in more detail in Section 3.0, “Radiation
Protection,” and Section 7.0, “Nuclear Criticality Safety.” The amount of plutonium
needed to present potential hazards to personnel in plutonium-handling facilities is
summarized in Figure 2.4. Hazards related to interim and long term storage of
plutonium will be found in Section 2.7, “Storage and Containment.”

2.6.1 Chemical Versus Radiological Hazards

The radiological toxicity of reactor-produced plutonium far exceeds the
chemical toxicity of this heavy element. Furthermore, its low solubility in
near-neutral or basic solutions reduces the uptake through ingestion by a
factor >1000 for any plutonium compounds except certain complexes, such
as the citrate or ethylenediamine tetraacetic acid (EDTA) complex. (Refer
to Sections 2.3, “Radiobiological Properties,” and 6.0, “External Dose
Control”). Tipton (1960) summarizes the differences in chemical hazards
between plutonium and uranium: “In contrast to uranium, the chemical
toxicity of plutonium is insignificant in comparison to the hazard arising
from its natural radioactivity.” Moreover, “the toxicity of plutonium and
other transuranic elements,” according to Voelz et al. (1985), “has only
been studied in animals since acute toxicity has never been observed in
man for these elements and epidemiologic studies have not produced
positive results.” However, recent evidence suggests that plutonium can
catalyze reactions including oxidative stress in the absence of significant
radioactive decay. These data presented by Claycamp and Luo (1994)
suggest that plutonium complexes might contribute to long-term oxidative
stress related to tumor promotion.

2.6.2 Associated Chemical Hazards

The main chemical hazard of plutonium is its vulnerability to oxidation and
the pyrophoricity of some of its alloys and compounds (see Section 2.6.3).

The processing of plutonium, including separation from irradiated uranium,
purification, conversion, waste disposal, environmental restoration, and
D&D, necessarily requires the use of chemicals and reagents with varying
degrees of toxicity and hazardous properties. A partial list of chemicals that
are either used or proposed for use at DOE plutonium facilities is provided
in Table 2.9. An abbreviated evaluation of the potential hazards of
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these substances is also provided. Table 2.9 is not meant to replace the

Material Safety Data Sheet (MSDS) available from chemical

manufacturers; rather, it is intended to help readers recognize the toxicity
of these chemicals and identify any possible side effects from their use that

could jeopardize radiation safety or plutonium containment.
Hazards Created by Oxidation and Pyrophoricity

This section describes the oxidation and burning characteristics of

plutonium, summarizes the storage properties of the metal and oxides, and
presents recommendations for their storage conditions. Waste remediation
plans for TRU materials and the necessity for dealing with ton quantities of
plutonium metal from the retirement of weapons require the identifying of
long-term and intermediate-term waste forms with appropriate stability.
Economic considerations make clear the importance of generating few, if

any, new wastes in accomplishing this task.

2.6.3.1 Oxidation of Plutonium

The problems of oxidation of metallic plutonium were recognized
shortly after the discovery of plutonium, and extensive studies of
the low-temperature corrosion of plutonium and its alloys have
been performed. Oxidation can produce fine loose plutonium
oxide, which disperses easily in glovebox systems, complicating
housekeeping chores. If not controlled, loss of accountability and
increased radiation exposure to personnel is certain. The reactivity
of plutonium metal is discussed in Section 2.3.1. The tendency for
enhanced oxidation is promoted by the self-heating properties of
plutonium isotopes (discussed in Section 2.5.1). A kilogram of
239Py can easily reach an equilibrium temperature of 80°C in a
glove-box environment (Raynor and Sackman, 1967). Thermally
isolated 2**Pu metal can easily melt from its own decay heat. The
heat generated by oxidation may be sufficient to ignite nearby
combustible materials. Metal turnings and scrap should be
reprocessed or converted to stable alternatives as soon as
practicable. Plutonium metal, its alloys, and its reactive
compounds need to be excluded from both oxygen and water
vapor, but especially the latter since it catalyzes and accelerates
oxidation.
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(a)
(2)

Table 2.9. Hazards of Chemicals Used in Processing Plutonium
Table 2.9. Hazards of Chemicals Used in Processing Plutonium

Chemical Name CAS No.® Hazard Formula
Aluminum nitrate 7784-27-2 -- AL(NO,),9H,0
Antimony pentafluoride | 7783-70-2 -- SbF,

Beryllium (metal) 7740-41-7 Neutron Be
Calcium (metal) 7740-70-2 Release H, when wet, Ca
flammable
Calcium oxide 1305-78-8 Corrosive CaO
Calcium chloride 10043-52-4 - CaCl,
Ferrous ammonium 7783-85-9 - Fe(SO,)(NH,),SO,6H,0
sulfate
Fluorine 7782-41-4 Oxidizer, poison F,
Fluorine dioxide - Oxidizer, poison F,0,
Carbon tetrachloride 56-23-5 -- ccl,
Ferrous sulfamate -- -- Fe (SO,NH,),
Gallium (metal) 7440-55-3 -- Ga
Hydrogen 1333-74-0 Flammable, explosive H,
Hydrogen Fluoride 7664-39-3 Corrosive HF
Hydrochloric acid 7647-01-0 Corrosive HCI
Hydrogen peroxide 7722-84-1 Oxidizer H,0,
lodine 7553-56-2 Poison L
Magnesium (metal) 7439-95-4 Water reactive, flammable Mg

explosive, produces neutrons
when combined with Pu

Magnesium chloride 7786-30-3 Neutron MgCl,
Magnesium oxide 1309-48-4 Neutron MgO
Mercuric nitrate 10045-94-0 Oxidizer, poison Hg(NO,),
Nitric acid 7697-37-2 Oxidizer, corrosive, poison HNO,
Oxalic acid 144-62-7 Poison H,C,0,
Potassium hydroxide 1310-58-3 Corrosive, Poison KOH
Potassium chloride 7447-40-7 -- KCI

Sodium chloride 7647-40-7 -- NaCl
Sodium Hydroxide 1310-73-2 Corrosive, poison NaOH
Sodium nitrate 7631-99-4 Oxidizer NaNoO,
Stannous chloride 7772-99-8 -- SnCl,
Sulfamic acid 5329-14-6 Corrosive NH ,SO,H
Sulfuric acid 7664-93-9 Corrosive, poison H,SO,
Tri-n-butyl phosphate 126-73-8 Flammable liquid (C,H,0),PO,
Urea 57-13-6 -- CO(NH,),
Uranium (metal) -- Flammable U

Zinc chloride 7646-85-7 - ZnCl,

Soltrol 170 Phillips 66 68551-19-9 Flammable liquid (isoparafins) | (Mixture C10-C14)
Carbon tetrafluoride 75-73-0 - CF,

(a) Refer to Material Safety Data Sheets for complete discussion of hazards.
(b) Chemical Abstracts Service Registry number.
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The corrosion or oxidation of plutonium does not always occur in a
linear or predictable manner. The oxidation rate is a complex
function of the surrounding atmosphere, the moisture content, and
the alloys or impurities present in the metallic plutonium.*

2.6.3.2 Ignition Temperatures and Pyrophoricity of Plutonium, Its
Alloys, and Its Compounds

Plutonium and some of its alloys and compounds are pyrophoric.
Pyrophoric material is a liquid or solid that, even in small
quantities and without an external ignition source, can ignite within
5 minutes after coming in contact with air (NFPA Fire Protection
Handbook). Pyrophoric plutonium metal has been defined as “that
metal which will ignite spontaneously in air at a temperature of
150°C (320°F) or below in the absence of external heat, shock, or
friction” (Stakebake, 1992).° Finely divided plutonium metal would
be considered pyrophoric while massive plutonium would be
nonpyrophoric. Martz et al. (1994) has proposed a mechanism for
plutonium pyrophoricity that predicts the ignition temperature as a
function of surface mass ratio and particle size. The most
numerous forms of pyrophoric plutonium are chips, lathe turnings,
and casting crucible skulls. Plutonium hydride and sesquioxide
(Pu,0,) are probably the most commonly occurring pyrophoric
compounds. Plutonium carbide, oxycarbide, nitride, and oxide
phases with compositions between the sesquioxide and dioxide are
potentially pyrophoric. Known pyrophoric alloys include Pu-U and
Pu-Ce, Waber (1967) summarized much of the early work on
plutonium corrosion and oxidation and is a good source for
identifying other pryophoric alloys.

4See Wick (1967), Coffinberry and Miner (1961), and Kay and Waldron (1966) for details on the oxidation of unalloyed plutonium
and the stabilized alloy of plutonium.
% Also in DOE/DP-0123T, Assessment of Plutonium Storage Safety Issues at Department of Energy Facilities (DOE, 1994a).
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The health physics aspects of an accidental plutonium fire can be
serious. A fire can burn through containment structures, resulting
in the dispersal of PuO, over a wide area, with the potential for

inhalation exposure during the fire or during subsequent
decontamination efforts. The conditions under which a plutonium
fire can occur in a dry glovebox have been studied. With only 5%
oxygen in nitrogen, the metal will burn easily. At the 1% level,
however, a fire will not continue to burn unless heat is supplied
(Rhude, 1962). Turnings must be generated in a dry atmosphere
and should be converted to the oxide as soon as convenient,
preferably on the same day they are made. Some solvents and
organic compounds form flammable mixtures with plutonium. In
one incident, tetrachloroethane was inadvertently substituted for
another lathe coolant in a metal-turning operation. Chips of
plutonium aluminum alloys were ignited, resulting in the blowout
of a glove-box panel. In a separate event, burning plutonium chips
dropped into carbon tetrachloride resulted in an explosion (AEC,
1965).

Aerolization of Plutonium

The ignition of plutonium metal becomes a major hazard when
enough plutonium has burned to produce a significant amount of
dispersable material and a serious enough fire to damage the
pertinent containment structures. The particle size of PuO, fired at
a low temperature varies from 3% at <1 pm to 97% at 1-5 um
(Stakebake and Dringman, 1967). Sintered PuO, has a particle size
<2 um. Haschke (1992) made an effort to define the maximum
value of the source term for plutonium aerosolization during a fuel
fire. He found the rate to be constant (0.2-g PuO,/cm? of metal
surface per minute) above 500°C. The mass distribution for
products of all metal gas distributions are approximately 0.07
mass% of the oxide particles having geometric diameters <10 pm.

2-30



2.7

DOE-STD-1128-98

STORAGE AND CONTAINMENT

The DOE mission for utilization and storage of nuclear materials has recently changed as
a result of the end of the “Cold War” era. Past and current plutonium storage practices
largely reflect a temporary, in-process, or in-use storage condition which must now be
changed to accommodate longer-term storage.

The DOE has sponsored a number of workshops on disposing of plutonium. Two of the
objectives of these workshops have been to make recommendations for near-term and
long-term storage forms and to identify possible alternatives. At the Hanford Plutonium
Disposition Workshop held in Richland, Washington, from June 16 to 18, 1992, the two
highest ranking stabilization processes were, first, denitration of plutonium nitrate, and,
second, thermal stabilization. The third-ranked process included the precipitation of
Cs,PuClor K,Pu(SO,) , followed by thermal stabilization (Hoyt, 1993). At the workshop
on plutonium storage sponsored by DOE Albuquerque, on May 26 and 27, 1993, both
metal and oxide were considered suitable storage forms. A report has been issued
summarizing information presented here and resulting from this workshop (DOE, 1994a).
This important report includes sections on:

-- materials properties relevant to storage;

-- current storage practice (DOE Facilities, RFP, LANL, Hanford, SRS, and ANL);
-- advanced storage concepts;

-- hazard analysis; and

-- recommendations.

A report entitled “Technical Issues in Interim Plutonium Storage” by J. C. Martz, J. M.
Haschke, and M. C. Bryuson, LANL, submitted to Arms Control and Nonproliferation
Technologies, attempts to provide a technical basis for addressing complex interfaces
with political and economic issues. Its goal is to identify alternative storage options for
excess plutonium. Currently, DOE is circulating Draft Interim Recommendations for
Storage of Plutonium Metal and Plutonium Oxide at Department of Energy Facilities.
The principal difference between interim and long-term storage is the need for transfer of
plutonium from a contaminated glovebox environment into an improved, hermetically
sealed storage container without the inclusion of plastic or other organic materials.
Existing storage and handling requirements for plutonium metal and oxides are currently
covered in DOE Order 460.1A (DOE, 1996b).

The following property summaries adapted from Haschke and Martz (1993), are useful
for determining potentially unsuitable storage and containment conditions for plutonium
metal and oxide. Given that plutonium metal is chemically reactive in air and other
environments, it also:
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Exhibits spontaneous self-sustained ignition (becomes pyrophoric) only if the metal
dimension

- 18<0.l mmand T >150°C
- 1$>0.2 mm and T >500°C

reacts slowly in air at room temperature (maximum of about 1 pm/day)
has limiting (T-independent) oxidation rate in air above 500°C
is not a dispersible form (<10 pm geometric size) until oxidation occurs:

- oxide from Pu+Air at ambient T: 100 mass % (ssa = 10-20 m*/g)
- oxide from PuH,+0O,: ~25 mass % (ssa ~ 1 m2/g)

- oxide from Pu+O,and Pu+Air at T >500°C: < 0.1 mass % (ssa <0.1 m?/g)

radiolytically decomposes organic and covalently bound specific species in the
environment

reacts with most radiolytically produced gases and with nonequilibrium surface:
- limits pressurization by gases

- forms low-density (pressure-generating) and pyrophoric products

retains helium from alpha decay

is stabilized by certain storage atmospheres (reactivity decreased by 10'%)

is stable if isolated from reactive species

has good storage history when stored properly.

A similar property summary for plutonium dioxide, the most commonly used form of
plutonium, shows it to be stable and unreactive in air. Storage and containment
recommendations, based on the properties of plutonium metal and dioxide, are shown in
Table 2.10.
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Table 2.10. Storage Recommendations for Plutonium Metal Dioxide (adapted from
Haschke and Martz, 1993)

* Metal and oxide are both suitable storage forms for plutonium (100 years).

*  Organics (plastics, elastomers) must be excluded from the primary container for both
forms.

*  Converting between metal and oxide is not recommended (negative impact of waste, cost,
environmental safety and health [ES&H] risk).

*  Both forms must be properly prepared and certified:
- Procedures for metal already exist (technology transfer needed).
- Procedures for oxide need development (stabilization, desorption, loss on ignition
[LOI)).

*  Both forms must be in sealed primary containers for extended storage:
- Positive seals (e.g., welds and metal seals) are necessary.
- Seal certification or double sealing is necessary.

* Requirements diverge for short-term/retrievable storage:
- Containers with metal gaskets are advantageous for metal storage.
- After stabilization, oxide is best stored in a container fitted with a rupture disk in
series with a vented stainless-steel frit container.

* Surveillance of stored materials is required.
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RADIATION PROTECTION

The radiation protection field is concerned with the protection of individuals, their progeny,
and humanity as a whole, while still allowing for necessary activities which might involve
radiation exposure. The aim of radiation protection is to prevent deterministic effects and to
limit the probability of deterministic effects. Most decisions about human activities are
based on an implicit form of balancing risks and benefits leading to the conclusion of
whether or not the application of a particular practice produces a positive net benefit.
Because the probability of health effects is not zero, the ICRP in Publication 26 (ICRP,
1977) recommended the following criteria for a system of dose limitation:

--  No practice shall be adopted unless its introduction produces a positive net benefit.

--  All exposures shall be kept as low as reasonably achievable, with economic and social
factors being taken into account.

-- The dose equivalent to individuals shall not exceed the limits recommended for the
appropriate circumstances.

These criteria and related information have been incorporated into DOE regulations,
instructions, and manuals for radiation protection.

The successful operation of a plutonium facility requires scrupulous attention to providing
adequate radiation protection and maintaining contamination control through the
implementation of a quality health physics program. (In this section, “health physics” and
“radiation protection” can be used interchangeably when referring to programs or
personnel.) Prompt dose assessment is important for demonstrating compliance with
standards, providing information to workers, establishing an accurate historical record, and
for responding to accident and incident situations. This section defines the basis for the
establishment of a sound health physics program at a plutonium facility.

REGULATION AND STANDARDS

Regulations on radiation protection in DOE and DOE contractor facilities are found in 10
CFR 835, Occupational Radiation Protection: Final Rule (DOE, 1998a). Guidance is found
in the supporting document Radiological Control Ch.1. (DOE, 2004) and Implementation
Guides.

Certain OSHA regulations, primarily those contained in 29 CFR 1910 (DOL, 1993), may
also be included in the radiation protection program for workers in DOE facilities. Other
related source documents include publications of the EPA, ANSI, ICRP, NCRP, and
UNSCEAR.
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In addition, each site that handles radioactive materials and/or radiation generating
machines is required to establish and maintain its own documented radiation protection
program, following the Federal regulations.

RADIATION PROTECTION PROGRAMS

Radiation protection programs include provisions for quality assurance, administrative
controls, protection of visitors, visits by regulatory personnel, and onsite packaging and
transportation of hazardous materials.

3.2.1

3.2.2

Quality Assurance

It is highly desirable for laboratories and industrial facilities handling plutonium to
have a well-integrated quality assurance program. Such a program should have
high visibility and strong management support. Quality assurance should be
effectively applied throughout facility activities, including the radiation protection
program. The basis for quality assurance programs in DOE facilities is established
in 10 CFR 830, Nuclear Safety Management (DOE 1994p). In addition, 10 CFR
830.120, Quality Assurance Requirement, requires the development of a Quality
Assurance Program, specifies an implementation schedule, and provides the
elements that the program must address.

An effective quality assurance program for radiation protection will include
establishment of appropriate standards of performance for essential activities and
equipment, with an effective system of documentation and traceability of those
activities and of the use of the equipment. Proper maintenance of those records will
be necessary for reference purposes.

Administrative Controls

In any facility that handles radioactive materials, the major controls protecting
workers, the public, and the environment are structures and installed equipment,
which shield, contain, and confine the radioactive materials. However, to allow
useful work to be performed in the facility and to assure that its protective features
remain effective, a number of administrative controls are ordinarily required. These
administrative controls are usually contained in a series of procedures related to the
operations and maintenance activities to be carried out in the facility. All personnel
who work in controlled areas should be familiar with the administrative controls
that apply to their work. When changes or additions to administrative controls are
made, these changes or additions should be effectively communicated to all persons
who may be affected.
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Radiation Protection Procedures

A plutonium facility should have a written policy on radiation protection,
including a policy on keeping exposures ALARA. All radiation
protection procedures and controls should have formal, recognizable
technical bases for limits, methods, and personnel protection standards.
Procedures should be adequately documented, updated periodically, and
maintained in a centralized historical file. A control system should be
established to account for all copies and ensure that all new procedures
are included in the historical files. A designated period of time for
maintaining historical files should be established. DOE Order 200.1
(DOE, 1996a) and ANSI/HPS N13.6 (ANSI, 1999a) provide guidance on
how to maintain historical files. In addition, radiation protection
procedures should have a documented approval system and established
intervals for review and/or revision. A tracking system should be
developed to ensure that the required reviews and revisions occur.

Radiation protection procedures should be provided for but not limited to
the following topics:

-- Posting and labeling of facilities

-- development and maintenance of all radiation protection records

-- reporting of unusual radiation occurrences

-- use of radiation monitoring instruments

-- use of radiation sources (e.g., reference calibration)

-- reporting of radiation exposures

-- use of protective clothing

-- responding to radiological emergency events

-- surveying and monitoring

-- counting room equipment and use

-- instrument maintenance and control

-- development and use of Radiological Work Permits (RWPs)

-- responsibilities of operations staff for contamination control and
personnel surveys.

Two topics, RWPs and facility posting and labeling, are discussed below
in more detail.

Radiological Work Permits
Radiological Work Permits or other work planning documents should be

used for entry into high and very high radiation areas, high
contamination areas, and
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airborne radioactivity areas. The RWPs should also be used to control
entry into radiation and contamination areas and for handling materials
with removable contamination. The RWPs should be initiated by the
work group responsible for the activity. All RWPs should be reviewed
and approved by the radiation protection staff. Radiological Work
Permits are recommended for other radiological work in accordance with
the standard, Radiological Control, Ch. 1. (DOE, 2004). Most plutonium
facilities will use them for all but routine entries into rooms containing
glove-box lines. Guidance for posting of RWPs and for their contents are
contained in the standard, Radiological Control.

Radiological workers should read and understand the applicable RWP
before performing work in a radiological area. The RWPs should be
located at the access point to the applicable radiological work area.
Workers should acknowledge by signature or through electronic means
that they have read, understood, and will comply with the RWP before
they initially enter the area and after changes. Out-of-date RWPs should
be removed.

Radiological Surveys and Data Trending

Area monitoring in the workplace shall be routinely performed, as
necessary, to identify and control potential sources of personnel exposure
(10 CFR 835.401(a) (6)). This monitoring should include surveys in
areas that are not ordinarily expected to be contaminated. The program
should define minimum requirements, survey types, and frequencies.

Surveys should be performed at frequencies adequate to identify changes
in posting required or an activity buildup, and to ensure that current
radiological controls are appropriate. The surveys suggested by this
section are minimum recommendations; additional surveys should be
conducted, recorded, and reviewed as necessary to ensure full protection
of personnel.

Contamination surveys should be performed to determine surface
contamination area (SCA) boundaries, the appropriate posting of sources
or areas, and the location and extent of localized contamination.

Contamination surveys should be performed and documented prior to the
start of radiological work, during general work activities at times when
changes in contamination level may occur, and following work to assure
that final radiological conditions are acceptable and documented. See
Munson et al. (1988).
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A sufficient number of points should be surveyed to adequately assess
the radiological status of the area being surveyed.

Routine radiological surveys should be regularly conducted, recorded,
and reviewed for all areas where personnel could be exposed to alpha,
beta, gamma, X-ray, or neutron radiation throughout the site. Surveys
should be performed at frequencies adequate to ensure protection of
personnel. The following surveys should be considered the minimum.
Additional surveys should be conducted, recorded, and reviewed as
necessary to ensure that personnel exposures are maintained ALARA.

General radiation and contamination surveys should be performed:

To identify and verify the boundaries of areas which must be
radiologically controlled.

to verify that radiation and contamination levels in uncontrolled
areas remain less than specified limits.

to determine the appropriate posting of localized higher radiation
levels, beams, or hot spots.

to ensure that radiological conditions are acceptable and documented
prior to, during, and at the completion of work that may cause
changes in radiation levels to occur (see Munson et al., 1988, p.
6.1.2).

to satisfy required predetermined procedure hold-points in work
areas and adjacent areas, whenever operations are performed that
may cause significant increases in radiation levels. The survey may
be required as part of a radiological inspection step required by the
work procedure. This includes areas above and below the work area
as appropriate during special processing operations or cell
decontamination, movement of permanent or temporary shielding,
radioactive waste processing, and relocation of highly radioactive
materials.

Routine radiation and contamination level surveys should be performed
in the workplace at a frequency commensurate with the radiation hazard,
to detect trends related to equipment, systems, environment, and work
habits.

Non-routine surveys of radiation and contamination levels in the
workplace should be performed:
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-- Before initial use of a new installation, system, or equipment, or as
soon as possible after a radiation source is brought into the area.

-- whenever changes in procedures, equipment, or sources have
occurred that may cause changes in the external radiation levels.

-- after modification to a shield or changes in shield materials.

-- as the basis for trend evaluation of external radiation level
conditions.

-- when a radiological accident has occurred or is suspected.

-- when requested by the personnel performing the activity (see
Munson et al., 1988, p. 6.1.2).

Radiation surveys should be performed upon initial entry into process
cells and tanks that contain radioactive piping or components.

Surveys should be conducted when performing operations that might
result in personnel being exposed to small intense beams of radiation
(e.g., removing shielding for shielded X-ray devices).

Every reasonable effort should be made to maintain the radiation dose
equivalent of the surveyor at levels that conform to ALARA guidance.

Surveys should be performed and documented according to established
procedures.

Only fully trained and qualified personnel should conduct surveys that
are to be the official records of radiation levels or for the protection of
personnel; these surveys should be reviewed and approved by the
Radiological Protection Manager or his/her designee.

Surveys should be performed with calibrated instrumentation appropriate
for the intensity and energy of the radiation anticipated in the area to be
surveyed.

Survey instruments should meet the performance check requirements
established by the facility in accordance with ANSI N323a (ANSI,
1997b).

Combinations of survey instruments should be used as necessary to
provide the capability to measure all types of radiation and dose rates
characteristic of that which could be encountered at the facility being
surveyed.
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Records that establish the conditions under which individuals were
exposed to external radiation (such as facility radiological conditions
records generated by the monitoring programs) should be retained to
provide a chronological and historical record. See ANSI/HPS-N13.6
(ANSI, 1999a).

A sufficient number of points should be surveyed in order to adequately
assess the radiological status of the area. Regular predetermined points
may be used, but additional spot monitoring should be done to ensure
that all changes in dose rates are identified, recorded, and reviewed.

All records of surveys should clearly identify, as a minimum:

-- The name, signature, and employee number of the surveyor.

-- survey instrument(s) model number, serial number, and calibration
date.

-- the type(s) of radiation being monitored (e.g., neutron, gamma, etc.).

-- the dose rates.

-- the date and time the survey was performed.

-- locations where radioactive material is located temporarily (or is
being temporarily stored) or where equipment that generates ionizing

radiation is being operated.

Records of the results of radiation surveys should be retained in
accordance with facility policy.

Survey data should be reviewed by supervisory personnel. Significant
findings should be presented to the facility manager in a timely manner.

Health physics personnel should summarize survey data in each building
or area at least once a quarter. Significant changes or trends in area dose
rates and/or radiological contamination should be noted and corrective
actions assigned. The survey summary should be presented to the facility
management quarterly.

Survey results and data summaries should be made available to the
ALARA team chair periodically and should be used:
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-- To provide a basis for evaluating potential worker exposure on a job
and in ALARA preplanning.

-- to provide a baseline for trend analysis, investigation, and correction
of unusual conditions.

-- to track the status of jobs (including identification of good practices)
and to detect departures from good operating procedures and/or the
failure of radiation controls.

-- to identify the origin of radiation exposures in the plant by location,
system, or component.

Health physics personnel should post the results of radiation surveys or
survey maps at the entrance to all permanent radiation areas, high
radiation areas, and very high radiation areas. The results should be
posted in the form of a survey map so that personnel can be aware of the
locations of higher and lower levels of radiation within the area.

A survey data trending program should be conducted; to indicate the
continuing effectiveness of existing control; to warn of deterioration of
control equipment or effectiveness of operating procedures; to show
long-term variations in radiation levels; and to identify and correct
improper radiation work practices.

Health physics should perform trend analyses on all permanent radiation,
high radiation, and very high radiation areas. At a minimum, one
complete survey record should be evaluated and included in the trend
analysis program for each survey required to be performed by the facility
routine control program.

Health physics should use the facility reporting system to identify
discrepancies and abnormal trends and should summarize the data review
results in their monthly reports to the Radiological Protection Manager.

Survey data trends should be investigated when either:

-- an upward trend in general area radiation level occurs, causing a
significant increase.

-- an abrupt change in radiation level occurs that cannot be directly
correlated to normal activities.
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Facility Posting and Labeling

Areas in plutonium facilities shall be posted in accordance with the
requirements in 10 CFR 835 (DOE, 1998a). Implementation Guide G
441.1-10, Implementation Guide. Posting and Labeling for Radiological
Control (DOE, 1999d) provides guidance to ensure compliance. The
technical criteria and dose rate and/or levels for defining radiation, high
radiation, very high radiation, contamination, high contamination, and
airborne radioactivity areas are established in 10 CFR 835. The health
physics staff should identify:

-- Areas to be barricaded and marked to prevent personnel from
inadvertently entering them.

-- Areas to be physically controlled per 10 CFR 835, Subpart F.

Entrance to radiological areas shall be controlled (10 CFR 835.501(a and
b)) commensurate with the existing and potential radiological hazard
within the area.

The health physics staff should post current radiation surveys of radiation
areas at the health physics access control point for use in prejob

planning. Airborne Radioactivity Areas shall be posted with the words,
“Caution, Airborne Radioactivity Area” when the airborne radioactivity
levels in the occupied area exceed, or are likely to exceed, the DAC
value listed in Appendix A or Appendix C of 10 CFR 835 or where an
individual could receive 12 DAC hours in a week (10 CFR 835.603(d)).
These areas are posted to alert personnel of possible respiratory
protection requirements.

Unposted Areas

Certain areas of facilities that handle radioactive materials should be
maintained free of detectable radioactive contamination. These areas
should also be maintained at ambient radiation levels equivalent to the
environmental background of the facility. Parts of the facility that should
meet these requirements include lunchrooms, offices, restrooms, janitor
rooms, corridors outside operational areas, foyers, and outside areas
surrounding the facility, including the building roofs.

To assure these areas meet the requirements of radiological cleanliness,
they should be surveyed with count-rate instruments sensitive to the
radioactive isotopes of interest. In a plutonium facility, the instruments
should meet the requirements listed in ANSI Standard N317-1991,
Performance Criteria for Instrumentation
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Used for In-Plant Plutonium Monitoring (ANSI, 1980a). These clean
areas should be maintained below the surface contamination levels cited
in 10 CFR 835 (DOE, 1998a).

Visitors

Regardless of the general radiation safety knowledge of visitors to a plutonium
facility, they should be escorted at all times when they go into the posted areas of
the plant. In addition, before going into such an area, they should be given a
general orientation to the facility radiation protection program and informed about
the potential radiation conditions in the areas where they will be going. They also
should be provided with the same protective devices worn by facility personnel
engaged in similar activities.

Visitors with a demonstrated need to enter the following areas may be allowed
access if such access is controlled with a combination of training and the use of
escorts trained for the specific area:

-- Radiological Buffer Areas

-- Radiation and High Radiation Areas
-- Contamination Areas

-- Radioactive Material Areas

Guidance for training for visitors is provided in the standard, Radiological Control,
Ch. 1.(DOE, 2004), Article 622:

-- Persons under 18 years of age should not be permitted to enter Radiation Areas
or Contamination Areas without the approval of the Radiological Protection
Manager.

-- Area entry requirements and access restrictions for visitors should be in
accordance with established facility procedures.

-- Individuals, visitors included, shall (10 CFR 835.502(b)) be prevented from
entering Very High Radiation Areas when dose rates are in excess of the
posting requirements of 10 CFR 835.603(c), and visitors should be prohibited
from accessing High Contamination and Airborne Radioactivity Areas.

In addition the following is recommended:
All facility personnel serving as a qualified escort should ensure that each visitor

under his/her cognizance completes a facility radiological visitor form. The
qualified escort should also sign the visitor form and complete it as appropriate.
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Facility-sponsored visitors should provide the following before entering
radiological areas, unless these records have already been entered into the facility
entry control system:

-- Evidence of completing required training, as applicable.
-- visitor radiation exposure disclosure.

The host facility manager should forward the visitor radiation exposure and
medical disclosure forms to Dosimetry.

The use of offsite mask fit certification may be authorized (if in accordance with
the applicable Radiation Protection Program) under the following conditions:

-- A mask fit has been completed within the previous year.

-- The individual presenting the mask fit certification card has not changed
physical appearance in a way that would affect the seal of the mask to the face.

-- The facility has the masks available that the individual is certified to wear.
Visits by Regulatory Personnel

Periodically, personnel from the DOE and other Federal and state agencies visit
radiation facilities for audit purposes or to discuss regulatory changes. In most
cases, they will want to look at records of the radiation protection program and, in
some cases, will also want to enter posted areas of the facility. They should have
ready access to the facility provided that dosimetry and other requirements are met.
They should have complete access to facility personnel knowledgeable in the
subjects they wish to discuss.

Onsite Packaging and Transportation

The hazardous materials organization conducts onsite radioactive shipments with
the assistance of health physics. This program requires the hazardous materials
organization representatives to review onsite radioactive shipping records,
document the errors or omissions observed, and evaluate trends and revise training
as needed. Serious deficiencies are to be documented and the reports should be
submitted in accordance with DOE Order 460.1A, Packaging and Transportation
Safety (DOE, 1996b).

Onsite packaging systems for shipments of radioactive material are generated to
fulfill a need of a user organization.



DOE-STD-1128-98

Generally, an assessment is required for each onsite package containing Type B,
fissile, or highway route control quantities (HRCQ).

The packaging organization is responsible for coordinating onsite package design
and preparation of safety analysis documentation. The following information
describes typical process, review, and approval requirements for onsite safety
analysis documentation:

1.

Initiation. New safety analysis documentation or reviews/changes to existing
documentation can be requested by a user organization based on programmatic
or operational requirements. The request is submitted in writing to the
packaging organization and includes proper justification and support
documentation. The packaging organization makes routine revisions as
necessary to reflect policy and regulation changes.

Preparation. The packaging organization coordinates the analysis, prepares
safety analysis documentation, and guides the documentation through the
review and approval process, including the resolution of review comments and
the obtaining of required approval.

Control. Safety analysis documentation is prepared and maintained according
to facility policy. The document control system provides an accessible,
auditable, and retrievable method for maintaining and changing safety analytic
documentation.

Review and Approval Cycle. Safety analysis documentation is reviewed,
approved, and changed according to facility policy. Additional reviews and
approvals include the following people and organizations:

--  User

-- cognizant engineer

-- packaging organization

-- quality assurance

-- responsible environmental assurance organization, onsite only

-- packaging, shipping, and waste safety assurance organization

-- criticality engineering analysis, if criticality analysis is required

-- packaging and shipping approval authority

-- DOE field office, if the package is to be used for HRCQ inter-area
shipments.

Approval for Editorial Changes. Inconsequential editorial changes to a safety
analysis document may be approved at the operating level.
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6. Utilization. Once a safety analysis document is approved, copies are sent to the
affected organizations, including operations and applicable facility engineering,
to incorporate the administrative controls from the safety analysis document
into the affected operating documents. User organizations must obtain the
packaging organization review of all operating procedures that incorporate
instructions or administrative controls found in COCS, SARPS, SEPS, DAPS,
DOT exemptions, and Federal and state packaging requirements to ensure that
they are properly incorporated.

Onsite packages currently approved for onsite use should be cataloged and
described in a hazardous materials packaging directory maintained by the
packaging organization. New packages are added to the directory as they are
developed and approved.

3.3 RADIOLOGICAL CONTROL ORGANIZATIONS

The radiological control organization must be structured so that all of the activities required
to provide support to line management and workers can be accomplished.

3.3.1

3.3.2

Management Commitment

Management commitment to safety is the most important characteristic of an
effective radiological control program. If the management commitment to safety is
strong, the radiological control program will be valued and respected. The
radiological control program should be provided adequate authority to permit
performance of necessary assignments and program implementation. Management
commitment to the ALARA concept is particularly important [see Article 111,
Radiological Control , Ch. 1. (DOE, 2004)]. Adequate personnel, equipment, and
funding should be available as a part of this commitment.

Radiological Control Organization Independence and Reporting Level

The radiological control organization should be independent of the line
organization responsible for production, operation, or research activities and should
have an equivalent reporting level. Because health physics personnel should have
the authority to balance operations with safety, they should not report directly to
the administrators of operations. When shift work is involved, the operations shift
supervisor may make minor health physics decisions in support of the shift's
Radiological Control Technicians (RCTs); however, decisions involving basic
policies and procedures should be directed to a separate health physics
organization.

If a safety organization includes the health physics program, it should be high
enough in the company to assure direct access to the company president or
equivalent. If the health physics program is administered by a separate radiological
control organization, that
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organization should also be in a position to assure direct access to the company
president. This is to safeguard the program from the pressures of production that
exist in the operational environment, by keeping it independent of operating
organizations.

A system of guides, policies, and procedures should be established to clearly
identify the interrelationships, responsibilities, and authorities of those involved
with the development, operation, and maintenance of the facility and the health and
safety of the employees. These guides, policies, and procedures should be
documented and should be reviewed at least once every year.

Adequacy of Personnel and Equipment

A sufficient number of qualified and, where required, certified radiological control
personnel should be available to perform necessary tasks for support of plutonium
facility startup and operation (See Section 3.4 for guidance concerning staffing and
staff qualifications). Sufficient equipment, including protective clothing,
respiratory protective equipment, and radiation detection instrumentation should be
available to support RCTs and operating personnel in the performance of work in
controlled areas.

Assignment of ALARA Responsibility and Authority

Limiting radiation exposures to the lowest levels commensurate with the benefit of
the work to be accomplished has long been a part of health physics and radiological
protection programs of DOE and its contractors. 10 CFR 835 (DOE 1993c¢)
establishes the policy of maintaining ALARA exposures of workers and the public
to radiation from DOE operations. Procedures are required to be prepared (10 CFR
835.104) and implemented and records must be maintained (10 CFR 835.701) to
demonstrate the implementation of ALARA. The DOE standard, Radiological
Control , Ch. 1. (DOE, 2004), provides additional guidance. Munson et al. (1988)
and G 441.1-2, Implementation Guide. Occupational ALARA Program (DOE,
1999b), may be used in developing an ALARA program.

An ALARA committee should be established at the plutonium facility. The
membership should include managers and workers from the line, the technical
support organization, and the radiological control organization. A line manager,
such as Director of Operations, Research, or Maintenance should serve as the
committee chair. The ALARA committee should make recommendations to
management to improve progress toward minimizing radiation exposure and
radiological releases (DOE, 2004).
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STAFFING AND STAFF QUALIFICATIONS

A cadre of operating and maintenance personnel that has experience in the operation of a
plutonium facility should be established during the construction of a new facility. The
remainder of the operating and maintenance staff should be hired as soon as possible and
should receive formal and informal training from the experienced personnel. This step is
extremely important to enable all personnel to grow with the facility and learn the details of
the operations. Once operations start, potential problems already should have been
identified and engineering or administrative changes should have been made to resolve
them.

Staffing in the radiological control organization requires technicians and professionals in
many support areas. A successful health physics program is highly dependent on the
availability of adequate staff support in areas such as environmental monitoring, instrument
maintenance and calibration, internal and external dosimetry, meteorology, safety analysis,
and risk management.

3.4.1 Professional Staffing and Qualifications

The senior staff of the radiological control organization should include health
physicists and other professionals with four-year degrees in science or engineering.
A continuing training program should be established for facility personnel. Pursuit
of certification by the American Board of Health Physics for senior and
professional staff members is encouraged (DOE, 1994a).

At least one professional staff member at the plutonium facility should have a
minimum of three years of health physics experience in the operation of plutonium
facilities.

3.4.2 Technician Staffing and Qualifications

Recommendations for minimum entry-level requirements for RCTs are given in the
DOE standard, Radiological Control, Ch. 1. (DOE, 2004), and DOE STD-1122-
99, Radiological Control Technician Training, Reaffirmed 2004, (DOE, 1999c¢).
They include a high school education or equivalency and knowledge of certain
scientific fundamentals. If a two-year degree in nuclear technology or an equivalent
discipline is locally available, completion of such a program should be encouraged.

Where possible, the Radiological Control Technicians (RCTs) and other members
of the health physics staff should have a minimum of one year's experience
working at a plutonium facility. Such experience is an important prerequisite to
allowing them to work unsupervised. Personnel hired without such experience
should work an internship of six months under the leadership of a qualified RCT or
supervisor with experience in that facility.
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The RCTs should be encouraged to pursue registration by the National Registry of
Radiation Protection Technologists.

Staffing Levels

At least one professional health physicist is recommended to be on the staff of each
major plutonium facility as a full-time employee.

There is no rule of thumb for determining the number of RCTs needed for a given
plutonium facility. The number of RCTs should be based on an analysis that
provides for sufficient coverage on each shift, given the number of samples,
surveys, and other work to be performed; the time of training, donning and doffing
protective clothing; shift turnover procedures; and other similar considerations. The
site collective dose and individual dose limits in the facility may also lead to the
need for additional personnel. Consideration should be given to having sufficient
personnel to respond to off-normal conditions and emergencies as well as routine
work. Major maintenance, modifications, or decommissioning activities may
require additional personnel.

INSTRUMENTATION CONSIDERATIONS

The radiation from the radioactive decay of plutonium includes alpha, beta, gamma, X-ray
(photons), and neutron radiation. An effective monitoring program for plutonium requires
radiation detection instruments that are responsive to all of these forms of radiation. It is
essential that instruments meet the performance criteria outlined in the applicable U.S. and
international standards and be properly calibrated for their intended use.

3.5.1

Types of Instruments and Measurements

Alpha-sensitive instruments are necessary for most contamination control surveys.
Exposure rate surveys are normally conducted with photon-sensitive instruments
with known energy responses. Neutron surveys become important when processing
tens of grams of 28Pu or hundreds of grams of mixed isotopes of plutonium,
particularly compounds (i.e., PuO,, PuF,, etc.). The neutron survey is important in
instances where photon shields, such as leaded glass, are used; such shields
normally stop all of the charged particles, most of the low-energy pho